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INTRODUCTION 


"Clog  free"  production  of  high  density,  finely  dispersed  aerosols 
from  solutions  and  slurries  of  elevated  salt  concentration,  high  solids 
content,  and  increased  viscosity  has  recently  been  described  for  spectro- 
chemical  sample  introduction  by  Fry  and  Denton  (1).  The  Babington  prin- 
ciple of  aerosol  generation  (2,3)  was  adapted  for  direct  atomic  absorption 
analysis  (using  high  solids  burner  heads)  of  samples  as  complex  as  sea 
water,  urine,  whole  blood,  evaporated  milk  concentrate,  and  tomato  sauce 
(1).  The  superior  tolerance  of  this  approach  to  "high  solids"  slurries 
is  a direct  result  of  eliminating  the  conventional  requirement  that 
the  sample  must  pass  through  a small  bore  capillary  tube.  Ability  of 
the  material  to  pass  through  the  relatively  unrestricted  sample  delivery 
pumping  system  was  found  to  be  the  primary  limitation  on  the  complexity 
of  materials  that  can  be  directly  analyzed  (1)  by  the  new  procedure. 

The  improved  sample  handling  capability  is  achieved  without  significant 
sacrifice  of  precision  or  concentration  sensitivity  when  compared  with 
conventional  capillary  pneumatic  approaches  (1).  This  relatively 
"preparation  free"  sample  introduction  technique  for  analytical  atomic 
spectroscopy  can  presently  be  considered  to  be  in  the  beginning  stages 
of  development.  Once  design  and  operational  characteristics  are  well 
established,  this  convenient  approach  to  high  solids  atomization  holds 
great  promise  for  application  in  agricultural,  clinical,  environmental. 
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and  industrial  analytical  situations.  The  purpose  of  this  paper  is 
to  outline  desip.n  considerations  and  cliaracterize  the  parameters  that 
govern  the  performance  of  this  new  high  solids  sample  introduction 
approach  at  its  present  state  of  development.  Data  leading  to  the 

simplification  of  design  are  presented,  and  mechanisms  of  undesirable  | 

sample  wastage  are  explored.  Data  are  presented  concerning  the  effect  I 

of  impaction  on  conventional  and  high  solids  aerosal  generation.  I 


I.  EXPERIMENTAL 

A.  Apparatus.  A previously  described  (1)  atomic  absorption 
spectrometer,  10  cm.  high  solids  single  slot  air-acetylene  burner 
head,  10  cm  triple  slot  Boling  burner  head,  Varian-Techtron  (Springvale, 
Vic.,  Australia)  and  Jarrell  Ash  (Waltham,  Mass.)  capillary  pneumatic 
nebulizers,  Beckman  (Fullerton,  Calif.)  total  consumption  burner  operated 
as  premix  nebulizer,  "HYDROSPHERE"  (Babington  principle)  model  respira- 
tory nebulizer  system  (Owens  Illinois  - Toledo,  Ohio),  and  specially 
developed  Babington  principle  nebulizer  chamber  (cylindrical)  with 
variable  flow  peristaltic  pump  sample  delivery  system  were  used  in  the 

[ course  of  these  investigations.  Quick  interchange  connections  to  the 

[ 

f premix  chamber  were  provided  for  the  nebulizer  mountings.  Provision 

t 

; was  made  in  the  cylindrical  nebulizer  chamber  for  accommodation  of  a 

F 

variety  of  configurations  for  aerosol  generation  involving  the  Babington 
■ principle.  Fig.  1 diagrams  the  "HYDROSPHERE"  system  with  a slight 

modification;  other  configurations  constructed  and  evaluated  in  this 
study  are  illustrated  in  Figs.  2-6.  All  configurations  shown  represent 
adaptations  of  the  Babington  principle  which  involves  flowing  a thin 
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film  of  sample  over  the  surface  of  a pressurized  sphere  or  hemisphere 
insert.  Interruption  of  the  sample  film  at  the  point  of  an  orifice 
by  the  high  velocity  exit  of  oxidant  gas  serves  to  generate  the  aerosol. 
Since  the  sample  is  not  required  to  pass  through  this  orifice,  clogging 
does  not  occur  even  for  the  most  complex  materials  (See  Fig.  7)  when 
the  systems  diagrammed  in  Figs.  2,  5,  and  6 are  used.  Small  (<  Sum)  aerosol 
droplets  (4)  are  carried  by  the  gas  stream  to  the  premix  chamber  of  the 
burner.  Larger  droplets  and  sample  runoff  from  that  portion  of  the 
sample  film  not  flowing  across  the  orifice  either  exit  via  the  drain 
(Figs.  2,  5,  6, and  7)  or  may  be  collected  for  recirculation  (Fig.  1, 

Fig.  3,  and  Fig  4).  Recirculation  was  evaluated  in  several  configurations 
for  the  purpose  of  conserving  solution.  The  glass  nebulizer  spheres 
indicated  in  Figs.  1 - 4 were  adapted  from  the  Hydrosphere  system  formerly 
available  from  Owens  Illinois  (Toledo,  Ohio)  and  presently  available 
from  McGaw  Respiratory  Therapy  (Irvine,  Calif.).  The  compression  fitting 
designs  of  Figs.  5 and  6 represent  a convenient  prototype  approach  allowing 
rapid  interchange  of  a variety  of  improved  metal  nebulizer  inserts. 

The  6 mm  insert  was  constructed  by  rounding  and  polishing  one  end  of 
a 6mm  o.d.  rod  using  an  engine  lathe.  Lathe  polishing  v;as  done  with 
emory  cloth  and  fine  steel  wool  to  achieve  an  average  surface  roughness 
of  8 pin  or  better  as  judged  by  General  F.lectric  Roughness  Standards,  and 
as  measured  by  prof ilometry . The  rod  was  then  cut  to  a length  of  19  mm 
and  drilled  from  the  "cut"  end  at  a diameter  of  5.5  mm  to  a depth  of 
13.5  mm  using  care  to  avoid  drilling  through  the  rounded  end.  A conven- 
tional drill  bit  was  used.  The  desired  orifice  was  machined  in  the  side 
of  the  rod  3 mm  belov/  the  rounded  end.  This  was  done  by  holding  the 
insert  horizontally  with  a "vee"  clamp  Insert  in  a machine  vise.  Tiie 


0.()1  mm  hole  was  machinoci  using  a RAI,MIKK  (So.  Plainfiei.d,  N.J.)  sensi- 
tive hand  drill  feed  fitted  into  a Bridgeport  milling  machine  according 
to  standard  procedure.  The  3 mm  inserts  were  constructed  in  similar  fashion 
utilizing  a 6 mm  base  and  2.5  mm  i.d.  dimension  with  the  orifice  machined 
1.5  mm  below  the  rounded  end.  The  inserts  are  seated  conveniently  in 
the  modified  compression  or  Swagelock  (Solon,  Ohio)  fitting  holder.  The 
above  nebulizer  inserts  have  been  made  out  of  brass,  and  then  electro- 
plated with  nickel  to  improve  corrosion  resistance.  Stainless  steel 
inserts  have  also  been  constructed.  Mon-wetted  materials  such  as  Teflon 
are  not  recommended  for  the  nebulizer  insert  since  aqueous  samples  tend 
to  bend  up  on  such  surfaces  rather  than  form  a suitable  film.  Following 
initial  cleaning,  the  flowing  sample  and  solvent  stream  keeps  the  nebulizer 
Insert  sufficiently  clean  to  maintain  a thin  film  flow  of  material  indefin- 
itely (the  nebulizer  insert  in  this  laboratory  has  not  required  cleaning  in 
over  a year  for  all  high  solids  samples  analyzed  (1)).  The  spray  chamber 
v;alls  should,  however,  be  periodically  rinsed  (with  disinfectant  if  desired) 
following  analysis  of  large  numbers  of  biological  samples  such  as  blood 
to  prevent  buildup  and  spoilage.  The  dimensions  given  above  are  generally 
not  critical.  Tolerances  of  + 10%  on  the  dimensions  given  should  generally 
be  sufficient  unless  specific  exception  is  noted  in  the  above  text. 

B.  Procedure.  The  atomic  absorption  of  cadmium  at  228.8  nm  was 
utilized  to  study  efl'cct  of  narameters  governing  nebulizer  per- 

formance. The  C.d  hollow  cathode  was  operated  at  5 niA,  the  spectral 
bandpass  was  0.6  nm,  and  the  overall  instrumental  response  time  was  'v-O.B 
sec.  Cadmium  was  chosen  for  its  simple  spectrum,  the  high  volatil- 
ity of  its  salts  and  its  freedom  from  oxide  formation  and  ionization 
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effects.  These  properties  make  the  atomic  absorption  of  this  element 
in  a 10  cm  premtxed  air-acetylene  flame  relatively  independent  of 
instrumental  parameters  such  as  redox  character  and  viewing  position 
in  the  flame.  Nebulizer  performance  under  a wide  range  of  conditions 
was  thereby  more  readily  and  independently  assessed.  The  nominal  viewing 
position  was  6 mm  (beam  center)  above  the  burner  head.  Whenever 
oxidant  (nebulizer)  gas  flow  rates  were  varied,  fuel  adjustment  was 
made  to  achieve  a constant  flame  stoichiometry.  Studies  were  also 
performed  to  ensure  that  the  vertical  absorbance  profile  had  not  been 
significantly  altered.  Oxidant  gas  flow  rate  measurements  were  corrected 
for  pressure  drop  across  the  nebulizer  orifice.  Volumetric  determination 
of  aspiration  rates  and  pump  delivery  rates  were  made  when  appropriate. 

The  sample  delivery  tube  and  corresponding  inlet  to  the  cylindrical 
chamber  (Figs.  5,  6,  and  7)  ^^fere  threaded  to  facilitate  external  adjust- 
ment of  the  sample  delivery  gap  (distance  between  the  end  of  the  delivery 
tube  and  the  top  of  the  pressurized  nebulizer  hemisphere). 

II.  RESULTS  AND  DISCUSSION 

A.  Operating  Range.  A series  of  Babington  nebulizer  inserts  in- 
cluding 0.13  mm,  0.20  mm,  0.34  mm,  0.61  mm,  and  0.71  mm  single  hole  orifices 
were  constructed  and  the  resultant  operating  range  of  oxidant  flow  rate 
evaluated.  The  0.13  mm,  0.20  mm,  and  0.34  mm  orifices  produced  extended 
low  flow  rate  operation  (down  to  < 1 L/min) . The  wide  dynamic  operating 
range  of  these  orifices  also  extended  to  the  normal  operating  range  of  slot 
burners  (>  5 L/min),  but  pressures  in  excess  of  100  psi.  v;ore  required 
to  drive  the  nebulizer  in  this  higher  range.  The  0.71  mm  insert  orifice 
was  foTind  to  operate  at  much  higher  flow  rates  (>  10  L/min)  with  reduced 
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pressure  requirements,  however  the  sensitivity  was  degraded  and  the 
operating  range  did  not  extend  sufficiently  low  enough.  The  0.61  mm 
orifice  optimally  covered  the  normal  (8-15  L/min)  slot  burner  range 
(Fig.  8)  using  pressures  of  14-40  psi,  so  the  other  orifices  (0.13  mm, 

0.20  mm,  0.34  mm,  and  0.71  mm)  were  not  considered  further  in  these 
atomic  absorption  studies.  The  smaller  ones  may  prove  useful,  however, 
in  low  flow  rate  applications  such  as  d.c.  and  high  frequency  electrical 
plasmas  for  emission  spectroscopy. 

Although  Fig.  8 bears  out  the  previously  reported  (1)  sensitivity 
advantage  of  the  Varian-Techtron  nebulizer  (when  analyzing  "clean" 
aqueous  solutions),  the  metal  version  of  high  solids  nebulizer  diagrammed 
in  Figs.  5 and  6 are  seen  in  the  present  studies  to  have  a superior 
operating  range  of  oxidant  flow  rate  (Fig.  8).  The  effects  of  Fig.  8 
are  primarily  related  to  nebulizer  performance.  Aspiration  rate 
measurements  indicate  that  the  Varian-Techtron  nebulizer  does  not  convert 
sample  to  aerosol  form  (aspiration  ceases)  below  4 L/min  or  above  20  L/min. 
However,  the  metal  high  solids  nebulizer  performance  extended  to  flow 
rates  below  3 L/min.  The  upper  limit  for  both  configurations  (Fig.  4 and 
Fig.  5)  of  nebulizer  based  on  the  Babington  principle  was  the  high  pressures 
required  to  exceed  40  L/min  for  the  0.61  mm  orifice  diameter  utilized. 

This  was  also  tin-  reason  for  not  pursuing  the  Beckman  0^  - H^  total 
consumption  burner  (as  a premix  nebulizer)  higlier  than  9 L/min,  Tlie 
pressure  required  at  35  L/min  was  120  psi.  for  the  0.61  mm  Babington 
orifice.  Fig.  8 indicates  that  no  sensitivity  improvement  is  realized 
above  15  L/min  for  the  high  solids  nebulizer  due  to  the  attainment  of 
constant  aerosol  density  at  higher  flow  rates.  Owens  - Illinois  indicates 
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that  this  constant  aerosol  density  is  maintained  well  beyond  100  L/min  (5); 
liowever,  the  range  above  30  L/min  is  generally  not  of  great  interest  in 

spectrochemi ca 1 applications.  The  higher  flow  aerosol  range  of  the  high 
solids  nebulizer  is,  however,  usefi'l  between  15  and  25  L/min  for  several 
slot  burners  such  as  the  triple  slot  Boling  head  and  Instrumentation 
Laboratories  CAT  No.  24036-03  high  solids  single  slot  nitrous  oxide  - 
acetylene  burner.  The  extra  large  dimensions  of  the  slot  openings  of 
these  tv/o  burner  heads  make  them  somewhat  dangerous  (from  a flashback 
standpoint)  when  operated  in  the  optimum  flow  range  (10  L/min)  of  the 
conventional,  Varian-Techtron  nebulizer  unless  auxiliary  oxidant  is 
provided.  An  extra  margin  of  safety  is  allowed  without  use  of  auxiliary 
oxidant  for  these  specialized  burner  heads  by  operating  the  new  high 
solids  nebulizer  in  the  higher  flow  aerosol  region  between  15  and  25  L/min 
where  the  performance  is  generally  improved  as  compared  to  the  Varian- 
Techtron  nebulizer  (Fig.  8).  A safer  high  solids  air-  acetylene  head  (1) 
was,  however,  used  in  the  present  investigations.  The  nebulizers  were  there- 
fore operated  at  12  L/min  for  all  subsequent  studies  not  concerned  with 
operational  range. 

At  flow  rates  below  2 L/min,  the  pressure  in  the  0.61  mm  orifice 
high  solids  nebulizers  evaluated  in  these  studies  is  no  longer  sufficient 
to  rupture  the  sample  film  at  high  enough  velocity  to  generate  significant 

ncrosul.  The  earlier  mentionpH  smaller  orifices  v;ill  fiirtlie.r  expend  t-lio 


flow  rate  performance  for  applications  in  ()lasma  emission  spectrometers 
however,  this  was  not  deemed  necessary  for  the  present  slot  burner  studies. 
A 0.61  mm  single  hole  orifice  was  therefore  used  for  all  subsequent  flame 


studies.  The  large  dynamic  operating  range  of  the  Bablngton  approach 
represents  an  advantage  in  terms  of  applicability  to  a wider  variety  of 

spectrochemical  situations  and  reduced  susceptibility  to  gas  flow  rate  i \ 

errors.  > 

B.  Nebulizer  Efficiency.  Fig.  9 illustrates  the  effect  of  the  sample 
uptake  rate  on  the  steady  state  (unlimited  sample  available)  concentration 
sensitivity  of  spectrochemical  analysis  for  several  nebulizer  configura- 
tions. Despite  the  superior  operating  range,  superior  tolerance  of  complex 
materials,  and  adequate  sensitivity  realized  with  the  new  high  solids 
approach.  Fig.  9 illustrates  the  principal  drawback  (low  efficiency  in 
terms  of  sample  consumption)  of  this  nebulizer  in  comparison  to  the 
capillary  pneumatic  system.  Although  good  concentration  sensitivity  is 
achieved  utilizing  the  metal  adaptation  of  the  Babington  principle.  Fig.  9 
shows  that  20-50  mL/min  of  sample  must  be  delivered  to  realize  that 
sensitivity  at  the  present  state  of  development  of  the  high  solids 
nebulizer  approach.  Capillary  (premix)  nebulizers  are  normally  operated 
at  5 mL/min.  Fig.  9 also  i 1 1 ustrates,  however,  that  the  non-recirculated 
6 mm  metal  version  (rig.s.  5 ond  6)  of  liigh  solid.-?  nebulizer  renresents  a dramatic 
efficiency  improvement  over  the  16  mm  glass  respiratory  nebulizers  including 
even  tlie  most  efficiently  recirculated  version  (that  of  Fig.  A).  Further 


reduction  of  the  metal  hemisphere  diamter  to  3 mm,  however,  did  not  further 
Improve  the  efficiency  or  operating  range. 
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Fig.  9 also  illustrates  a hydrodynamic  effect  of  the  metal  high 
solids  nebulizer.  At  solution  uptake  rates  below  40  mL/min,  a sample 
delivery  gap  of  5 mm  leads  to  discrete  "dropping"  of  the  sample  onto 
the  nebulizer  insert.  Once  a discrete  drop  is  formed,  its  surface 
tension  appears  too  great  to  be  overcome  as  it  strikes  the  top  of  the 
pressurized  nebulizer  hemisphere.  Film  formation  is  thereby  inhibited 
and  aerosol  formation  is  subsequently  depressed.  Narrowing  the  sample 
delivery  gap  prevents  "dropping"  by  favoring  unbroken  "streaming"  of  the 
sample  onto  the  nebulizer  hemisphere  surface.  Film  formation  is  more 
highly  favored  in  this  case. 

Fig.  10 further  demonstrates  that "dropping"  phenomena  tend  to  be 
encountered  at  either  excessively  low  sample  delivery  rates  or  large 
sample  delivery  gaps.  The  most  profitable  way  to  avoid  this  problem 
is  to  maintain  a sample  delivery  gap  < 2 mm  which  will  still  allow 
ready  passage  of  all  high  solids  samples  discussed  previously  (1). 

c.  Minimum  Sample  Size  Requirements.  Fig.  9 is  concerned  with 
the  spectrochemical  response  to  uni imi ted  sample  as  a function  of  up- 
take rate.  Fig.  ll,  however,  illustrates  the  effect  of  pipetting  limited 
discrete  quantities  of  solution  into  the  sampling  cone  of  the  high  solids 
nebulizer  configuration  of  I'igs.  5 and  6 as  a function  of  soi.utlor.  uptake  rate. 
Fig.  11  demonstrates  that,  although  40-50  mL/min  is  the  optimum  uptake 
rate  when  ^ 2 mL  sample  are  available,  slower  uptake  rates  maximize  the 
transient  spectrochemical  response  to  smaller  samples.  In  fact  a 25-305; 
sacrifice  of  concentration  sensitivity  may  be  highly  desirable  with  the 
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new  high  solids  approach  in  order  to  operate  at  20-25  mL/min.  Fig.  ii 
indicates  that  a 500  pL  sample  will  (at  this  uptake  rate)  give  a cor- 
responding transient  response  (0.19  absorbance  units)  similar  to  the  con- 
centration sensitivity  advertised  for  a Perkin  Elmer  nebulizer  (see 
Fig.  8). 

It  should  also  be  noted  that  the  popular  steady-state  type  of  ab- 
sorbance response  may  also  be  readily  produced  using  1 mL  of  sample  and 
a lesser  (12  mL/min)  uptake  rate  to  give  a 5 sec  (reduced  sensitivity) 
steady-state  reading  of  0.21  absorbance  units  (see  Fig.  ii);  2 mL  will 
give  a 10  sec  reading  of  0.2  A,  etc.  These  reduced  steady-state  concen- 
tration sensitivities,  however,  still  compare  favorably  with  the  range 
(0.18-0.24  A)  listed  for  capillary  pneumatic  nebulizers  by  Jarrell  Ash 
and  Perkin  Elmer  Corporation  except  that  about  5 mL/min  and  0.4  mL  of 
sample  is  used  with  the  capillary  approach  to  give  a 5 sec  steady-state 
reading.  Under  these  favorable  conditions,  the  required  steady-state 
sample  size  for  the  new  high  solids  nebulizer  is  only  2.5  times  more  than 
the  required  amount  for  steady-state  sampling  with  capillary  pneumatic 
nebulizers. 

Transient  sampling,  however,  represents?  a somewhat  different  situation. 

In  this  case.  Fig.  12  illustrates  that,  when  all  pertinent  parameters  are 
optimized,  the  capillary  pneumatic  nebulizer  approaches  its  maximum  con- 
centration sensitivity  with  samples  as  small  as  0.1  niL  compared  to  1 mL 
required  for  the  metal  adaptation  of  the  Babington  approach  (non-recirculated) 
and  7 mL  for  the  most  efficiently  recirculated  respiratory  glass  version. 
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Fig.  U represents  an  operational  curve  used  in  the  laboratory  for 
selection  of  uptake  rates  for  the  metal  high  solids  nebulizer  once  a sample 
size  is  chosen  foi'  transient  sampling.  If  a 1 ml  sample  size  is  chosen, 
then  40  mL/min  will  produce  an  optimum  transient  of  0.3  A/ppm  Cd.  The 
same  1 ml  sample  may  alternatively  be  used  at  12  mL/min  (Fig.  ii)  to 
produce  a 5 sec  steady  state  at  30%  less  sensitivity. 

Table  I summarizes  the  sample  size  requirements  of  the  spectro- 
chemical  adapations  of  the  Babington  principle  developed  in  these  studies 


for  the  production  of  aerosols  from  "high  solids"  materials.  The  table 
demonstrates  that  a 500-fold  overall  improvement  in  sample  size  require- 
ment h iS  been  achieved  in  these  studies  in  comparison  with  the  original 
respiratory  nebulizer  approach. 

0.  .'Icchnnis  ip  of  Sainple  Wastage.,  liie  dlf fercnce  in  sanple  sI^g  require- 
ments (Table  I)  for  the  configurations  of  Fig.  3 and  4 suggest  that  re- 
circulation is  only  significantly  beneficial  if  it  is  carried  out  in 
such  a way  as  to  collect  both  the  larger  spray  droplets  (that  settle 
out  in  the  chamber)  and  the  nebulizer  sphere  runoff.  This  suggests  that, 
although  sphere  or  hemisphere  runoff  (back  and  sides)  plays  a role,  a^ 
major  mechanism  of  sample  waste  is  through  the  large  spray  droplets  pro- 
duced in  addition  to  small  (<  5 pm)  aerosol  droplets.  These  larger 
spray  droplets  settle  out  and  are  either  recirculated  (Figs.  1 and  4)  or 
exit  via  the  drain  (Figs.  2,  3,  5,  and  6).  in  the  interest  of  simnlifying 
the  design,  reducing  memory  and  sample  cross  contamination  effects,  and 
in  consideration  of  the  earlier  report  (1)  of  particle  size  fractionation 
that  may  occur  in  some  high  solids  samples,  recirculation  has  now  been 
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abandoned  in  favor  of  the  approach  shown  in  Figs.  5,  6,  and  7.  The  real 
improvement  of  the  smaller  metal  hemisphere  with  non-recessed  orifice 
is  seen  in  the  30-fold  difference  in  results  (Table  I)  for  the  configura- 
tions of  Figures  2,  5 and  G.  Although  the  1 riL  sample  size  of  the  high 
solids  transient  or  5 sec  steady-state  approach  at  its  present  stage  of 
development  (Figs.  5,  6 and  7)  is  larger  than  the  0.1  nL  required  for 
transient  sampling  (0.4  nL  for  a 5 sec  steady  state)  by  the  capillary 
pneumatic  nebulizer,  a 1 mL  sample  size  requirement  is  still  reasonable 
for  many  analytical  situations  where  sample  complexity  (e.g.  Fig.  7) 
precludes  the  use  of  more  conventional  nebulizers. 

E.  Impactor  Effects.  Fig.  14  illustrates  the  effect  of  impactor 
gap  on  spectrochemical  concentration  sensitivity.  The  Varian-Techtron 
capillary  nebulizer  is  seen  to  require  very  critical  adjustment  (-  0.2  mm) 
in  comparison  to  the  high  solids  nebulizer.  In  fact,  the  Varian-Techtron 
(adjustable  impactor  model)  capillary  pneumatic  nebulizer  seems  to  derive 
its  sensitivity  advantage  (compared  to  the  other  commercial  caniiiary  nebulizers 
evaluated)  from  the  precise  nature  of  adjustment  provided  for  the  impactor 
bead  gap.  Many  commercial  designs  do  not  include  the  capability  of  making 
such  precision  adjustments.  It  may,  therefore,  not  be  possible  to  readily 
achieve  the  peak  sensitivity  shown  in  Fig.  J4  on  a routine  daily  basis 

for  capillary  pnoumatic  nebulizers  unless  a precision  externally  adjustable 
nodcl  is  available.  In  contrast,  the  high  solids  nebulizer  functions 
almost  as  well  without  any  impactor  at  all  as  it  does  when  the  innactor  is 
adjusted  wltli  tlic  greatest  of  care  (see  Fig.  14). 
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F.  New  Design.  On  the  basis  o£  the  above  data,  the  latest 
nebuli.'jer  design  (Fig.  6)  has  been  sinplified.  The  earlier  (1)  externally 
adjustable  inpactor  (based  on  an  internal  rotary-translational  notion 
converter)  has  been  eliminated  in  favor  of  the  simple  imnactor  mount 
(of  Fig.  6)  which  is  much  easier  to  construct  and  is  only  adjustable 
when  the  cliamber  is  dismantled. 


III.  CONCLUSIONS 

The  high  solids  spectrochemical  nebulizer  based  on  the  Babingtoh 
principle  represents  a system  of  similar  concentration  sensitivity, 
similar  precision,  superior  operating  range,  simpler  design,  and  far 
superior  sample  handling  (high  solids)  capability  as  compared  to  the 
capillary  pneumatic  approach.  High  density,  finely  dispersed  aerosols 
may  be  produced  from  solutions  and  slurries  of  elevated  salt  concentration, 
high  solids  content,  and  increased  viscosity  (1).  The  parameter  to  be 
improved  on,  however,  is  tlic  required  sample  size.  Alth.ouch  the  present 
1 ml,  transient  signal  represents  a considoralile  improvement  ovi'r  earlier 
high  solids  adaptations  of  the  Babington  principle,  further  improvements 
are  needed  to  reduce  the  sample  size  requirements.  F,vidcnce  has  been 
presented  to  indicate  that  a primary  mechanism  of  sample  wastage  is 
production  of  an  increased  percentage  of  larger  spray  droplets  that 
settle  out  in  the  premix  chamber.  At  its  present  state  of  development, 
the  high  solids  approach  may  be  optimally  used  as  an  auxiliary  nebulizer 
for  analysis  of  those  m.iterials  (^  1 mb)  which  are  too  complex  to  pass 
through  the  capillary  orifice  of  a standard  pneumatic  nebulizer.  The 
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high  solids  approach  diagrammed  in  Fig.  5 and  implemented  in  Fig.  7 is 
proving  to  be  a simple  and  convenient  "clog-free'' approach  to  spectro- 
chemical  sample  introduction  of  highly  complex  clinical  and  environmental 
materials  when  sufficient  sample  is  available.  A newer  simplified  design 
has  been  presented  (Fig.  6)  which  is  easier  to  implement  without  any 
sacrifice  in  performance. 
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Table  I.  Sample  Size  Requirements  of  Several  Spectrochemical 
Adaptations  of  the  Babington  Principle. 


Minimum  Sample 
Size 

Configuration  Figure  No.  (mL) 

.3  mm  metal  hemisphere  (configured  as  in  6)  1 

C mm  ru'Lal  hcmisplu'L'c  6 J 

6 mm  metal  hemisphere  6 1 

16  mm  glass  (recirculated) 

sphere  4 7 

16  mm  glass  (recirculated) 

sphere  3 22 

16  mm  glass  sphere  2 30 

dual  16  mm  glass  ("HYDROSPHERE") 

spheres  1 500 


Fig.  1.  Complete  "HYDROSPHERE"  Respiratory  Nebulizer  Configuration 


(Babington  Principle). 

a.  single  post  aerosol  generator  (16  mm  glass  sphere  with 
recessed  orifice  --  0.61  mm  hole):  b.  double  post  aerosol 
generator  (two  0.43  mm  recessed  holes);  c,d.  oxidant  gas 
inlets  (rear  entry  — not  shown);  e.  modified  sample 
change  port. 

Fig.  2.  Flow-Through  Adaptation  of  "HYDROSPHERE"  (Babington  Principle 
Nebulizer  for  Spectrochemi cal  Analysis. 

a.  single  post  aerosol  generator  mount  from  "HYDROSPHERE" 
system;  b,  16  mm  pressurized  glass  sphere  with  recessed 
orifice  (0.61  mm  hole);  c.  3 mm  plastic  impaction  sphere, 
fixed  position;  d.  cylindrical  Plexiglas  housing  for 
nebulizer  inserts  based  on  the  Dabington  principle. 

Fig.  3.  Recirculated  Flow-Through  Adaptation  of  "liYDROSPHERE" 
(Babington  Principle)  Nebulizer. 

Simplified  cross-sectional  view:  a.  single  post  aerosol 
generator  from  "HYDROSPHERE"  system;  b.  conical  reservoir 
(nylon)  for  sample  entry  and  nebulizer  runoff  recirculation; 
c.  sample  entry  (fill)  channel;  d.  nebulizer  delivery 
channel  (from  reservoir);  e.  two-way  valve;  f.  sample 
exit  (empty)  after  reading  obtained. 
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Fig.  4.  Increased  Recirculation  Efficiency  Flow-Through  Adaptation  of 
"HYDROSPHERE"  (Babington  Principle)  Nebulizer. 

Simplified  cross-sectional  view:  a.  single  post  aerosol 
generator  from  "HYDROSPHERE"  system;  b.  "half  cone"  (nylon) 
for  runoff  collection  (drains  into  reservoir,  c);  c.  conical 
reservoir  (Plexiglas;  sealed  to  container  side)  for  sample 
entry  and  runoff  collection  from  chamber  walls  (condensed 
large  droplets)  as  well  as  nebulizer  sphere;  d.  conical 
Plexiglas  ceiling  to  minimize  large  droplet  hangup.  Conical 
shape  allows  condensed  droplets  to  flow  more  readily  down 
to  recirculation  reservoir  (c)j  e.  sample  entry  (fill)  channel; 
f.  nebulizer  delivery  channel  (from  reservoir);  g.  two-way 
valve;  h.  sample  exit  (empty)  after  reading  obtained. 
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Fig.  5.  Improved  Flow-Through  Adaptation  of  the  Babington  Principle 
for  Spectrochemical  Analysis  (No  Recirculation). 

a.  interchangeable  6 mm  o.d.  or  3 mm  o.d.  pressurized  closed- 
end  polished  metal  tube  nebulizer  insert  with  non-recessed 
orifice  (0.61  mm  hole);  b.  3 mm  plastic  impaction  sphere 
(translational  movement  possible);  c.  mounting  block 
with  internal  rotary-translational  motion  converter  for 
iinpactor  movement;  d.  sample  delivery  tube  (2.38  mm  i.d.); 
e.  modified  compression  "elbow"  fitting;  f.  external  ad- 
justment for  impaction  gap;  g.  set  screw  to  hold  compression 
elbow  in  place. 
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Fig.  6.  Improved  Flow-Through  Adaptation  with  Simplified  Impactor  and 


Mounting  and  Safety  "Pop  Off"  Plug. 

a.  Nebulizer  insert  (same  as  in  Fig.  5)j  b.  simplified 
impactor  m.ount  ("on  stream"  external  adjustment  no  longer 
necessary):  c.  newly  simplified  nebulizer  insert  mount 
utilizing  Swagclock  "Tee"  fitting:  d.  solid  rod  (structural 
support);  and  e.  nev/ly  added  "pop  off"  safety  plug  in  case 
of  burner  flashback. 

Fig.  7.  Finely  Dispersed  Tomato  Sauce  Aerosol  Emanating  from  10  cm 
Slot  Burner. 

Direct  aerosol  production  (using  system  diagrammed  in  Fig.  5) 
is  seen  to  be  easily  accomplished  vjithout  system  clogging. 
Burner  is  sho\im  without  flame  buring  to  demonstrate  high 
density  finely  dispersed  aerosol.  Tlie  sane  result  is 
achieved  v/ith  the  system  diagrammed  in  Fig.  6. 
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Fig.  8.  Nebulizer  Operating  Range. 


O Variau'-Techtron  capillary  nebulizer;  D High  solids 
nebulizer,  6 mm  metal  (from  Fig.  5);  High  solids 

nebulizer,  16  mm  glass  respiratory  (from  Fig.  4); 

/N.  Beckman  total  consumption  burner  as  premix 
nebulizer. 
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Fig. 


Fig.  1-0. 


Fig.  11. 


Fig.  12. 


Fig.  13. 


Fig.  l'^!. 
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Hebuli7cr  Ffrii. iency  Comparison. 

O Varian-Techtron  capillary  nebulizer;  ^ High  solids 
nebulizer,  6 mm  metal,  non-reci rculated,  5 mm  gap; 

□ High  solids  nebulizer,  6 mm  metal,  non  recirculated, 

0.6  mm  gap;  High  solids  nebulizer,  16  mm  glass  res- 
piratory, recirculation  of  all  excess  (from  fife.  4). 

Sample  Delivery  Gap  Effects. 

Sample  Delivery  Rate:  A 53  mL/min:0  21  mL/min;D  10  mL/min; 

4.5  mL/min. 

Sample  Size  and  Uptake  Rate  Requirements. 

Sample  Size:  — unlimited;©  2 mL;Q  1 mL;A  0.5  mL;D  0.2  mL; 

^ 0.1  niL. 

Comparison  of  Minimum  Required  Sample  Volume. 

O Varian  Techtron  capillary  nebulizer; 

A Jarrell  Ash  (Hetco)  capillary  nebulizer; 

□ High  solids  nebulizer,  6 mm  metal^non-recirculated  (Figs.  5 and 

^ High  solids  nebulizer,  16  mm  glass  respiratory, 
recirculation  of  all  excess  (from  Fig. 4). 

Operational  Curve  of  Sample  Volume-Uptake  Rate  (Optimum). 

Note  that  the  ordinate  represents  flow  rate.  This  figure 
does  not  reflect  on  the  sensitivity  at  a given  volume. 

Impactor  Effects. 


O Varian-Techtron  capillary  nebulizer; 
□ High  solids  nebulizer  (Fig,  5) 
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